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Plant-Microbe interactions are complex associations that feature recognition of Pathogen
AssociatedMolecular Patterns by the plant immune system and dampening of subsequent
responses by pathogen encoded secreted effectors. With large effector repertoires
now identified in a range of sequenced microbial genomes, much attention centers
on understanding their roles in immunity or disease. These studies not only allow
identification of pathogen virulence factors and strategies, they also provide an important
molecular toolset suited for studying immunity in plants. The Phytophthora intracellular
effector repertoire encodes a large class of proteins that translocate into host cells and
exclusively target the host nucleus. Recent functional studies have implicated the CRN
protein family as an important class of diverse effectors that target distinct subnuclear
compartments and modify host cell signaling. Here, we characterized three necrosis
inducing CRNs and show that there are differences in the levels of cell death. We show
that only expression of CRN20_624 has an additive effect on PAMP induced cell death
but not AVR3a induced ETI. Given their distinctive phenotypes, we assessed localization
of each CRN with a set of nuclear markers and found clear differences in CRN subnuclear
distribution patterns. These assays also revealed that expression of CRN83_152 leads to
a distinct change in nuclear chromatin organization, suggesting a distinct series of events
that leads to cell death upon over-expression. Taken together, our results suggest diverse
functions carried by CRN C-termini, which can be exploited to identify novel processes
that take place in the host nucleus and are required for immunity or susceptibility.
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INTRODUCTION
Within the natural environment, plants are continuously chal-
lenged by a diverse array of microbes that can cause disease,
including bacteria, fungi, and oomycetes. In order to coun-
teract infection, plants have evolved the ability to recognize
Microbe or Pathogen Associated Molecular Patterns (MAMPs
or PAMPs, respectively) through Pattern Recognition Receptors
(PRRs) localized in the host cell membrane. This recognition of
PAMPs in turn activates PAMP-Triggered Immunity (PTI), pre-
venting establishment of disease (Zipfel, 2008; Monaghan and
Zipfel, 2012). In a select few cases, pathogens successfully infect
plants by either limiting PAMP perception or perturbing PTI by
interfering with signal transduction or associated cellular pro-
cesses required for effective host immune responses (Jones and
Dangl, 2006; Zipfel, 2008). This implies that pathogens have
evolved molecular strategies to evade or circumvent host immu-
nity. Consequently, host-pathogen interactions are considered
dynamic associations featuring specialized pathogen machineries
that aim to suppress (inducible) immune responses.
Key to understanding the mechanisms by which pathogens
evade or suppress plant immune responses has been the iden-
tification of secreted proteins, termed effectors, which have
been found in virtually all pathogen genomes studied to date
(Hogenhout et al., 2009; Stergiopoulos and de Wit, 2009; Hann
et al., 2010; Oliva et al., 2010). In some cases, effector activ-
ities toward virulence have been demonstrated and linked to
host susceptibility, supporting the notion that effectors can trig-
ger susceptibility on their hosts [Effector Triggered Susceptibility
(ETS)] (Bos et al., 2010; Yeam et al., 2010). Consequently, models
have now emerged which describe secreted effector proteins that
upon delivery to host cellular compartments, modify their targets
and trigger susceptibility (Howden and Huitema, 2012). Besides
PRR mediated responses, plants have acquired another layer of
immunity. Most plants carry another class of receptors (termed
Nucleotide Binding-Leucine Rich Repeat proteins or NB-LRRs),
which reside inside host cells and upon recognition of cytoplas-
mic effectors, trigger immunity (Effector Triggered Immunity,
ETI). With an increasing number of PRRs, PAMPs, effectors and
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NB-LRRs identified and characterized, observations suggest that
both secreted pathogen proteins together with host receptors and
signaling protein repertoires, determine interaction outcomes at
the early stages of infection.
In recent years, a body of evidence has emerged which impli-
cates the nucleus as a key cellular compartment in which the fate
of host-pathogen interactions is determined (Liu and Coaker,
2008; Deslandes and Rivas, 2011; Rivas, 2012). In agreement
with this, host protein classes with diverse functions have been
shown to function in the nucleus toward immunity. These
include plant disease resistance proteins, mitogen-associated pro-
tein (MAP) kinase signaling components, and transcription fac-
tors that collectively operate to regulate defence response genes
following pathogen perception (Kinkema et al., 2000; Pandey and
Somssich, 2009; Deslandes and Rivas, 2011; Park and Ronald,
2012; Rasmussen et al., 2012). In some cases, the mechanisms of
activation are known and amajor emerging theme is the exchange
of key regulators and cellular signals between the cytosol and host
nucleus (Shen and Schulze-Lefert, 2007). These processes gener-
ally result in the activation of defence responses and initiation of
transcriptional programmes that elevate resistance. Given the role
of the nucleus in plant defences and the ability of pathogens to
suppress immunity, the view has emerged that perturbation of
nuclear signaling by means of secreted pathogen effectors, may
form an important virulence strategy to achieve disease.
Plant pathogenic oomycetes form a distinct lineage of eukary-
otes that cause devastating diseases on a wide range of plants
important to agriculture, forestry and natural ecosystems. For
example, Phytophthora infestans, the causal agent of late blight on
potato and tomato continues to cause hardship throughout the
world with multi-billion dollar losses each year (Lamour et al.,
2007). Other economically devastating pathogens include P. sojae
and P. capsici, the major disease-causing agents on soybean and
pepper, respectively. The shear economic impact that this group
of pathogens incites has been, and continues to be, a driving force
in our quest to understand Phytophthora parasitism.
Plant pathogenic oomycetes harbor a diverse class of effec-
tors, termed the Crinklers (CRNs). All CRN proteins feature
a conserved N-terminal domain specifying translocation and
diverse C-terminal regions carrying distinct effector functions
(Schornack et al., 2010). Crucially, a considerable number of
CRN proteins have been identified in the genomes of all plant
pathogenic oomycetes examined to date (Tyler et al., 2006; Gaulin
et al., 2008; Haas et al., 2009; Lévesque et al., 2010; Schornack
et al., 2010; Links et al., 2011; Lamour et al., 2012; Stam et al.,
2013), suggesting that they have important roles in oomycete
pathogenesis on plants.
Localization studies on diverse sets of CRN effectors from
divergent oomycete species revealed they all accumulate in the
host nucleus upon ectopic expression in plants (Schornack et al.,
2010; Stam et al., 2013). These observations combined with the
identification of (cytoplasmic) RXLR effector proteins that tar-
get the nucleus (Dou et al., 2008; Caillaud et al., 2012; Qiao et al.,
2013) suggest that plant nuclear processes must present an impor-
tant target for filamentous pathogens to achieve virulence (Birch
et al., 2006; Morgan and Kamoun, 2007; Schornack et al., 2009).
If true, nuclear effectors would carry the activities that allow
modification of nuclear signaling networks and suppression of
plant defences, providing useful tools for understanding the role
of the plant nucleus during immunity.
CRN proteins were initially identified through their ability to
cause crinkling and necrosis upon expression in plant tissue, and
consequently this protein family is generally considered as a class
of cell death inducing effectors (Torto et al., 2003). Recent stud-
ies, however, show that this is not a universal feature of either
CRN proteins or their C-terminal effector domains. Expression of
CRN effector domains leads to cell death in only a select few cases,
suggesting diverse activities underpinning effector function (Haas
et al., 2009; Schornack et al., 2010; Stam et al., 2013). Importantly,
despite inducing cell death upon ectopic expression, infection
assays revealed that only one CRN effector promotes virulence.
Localization studies revealed distinct subnuclear localization pat-
terns, further suggesting diverse functions in plants leading to cell
death (Stam et al., 2013). In this paper, we expand on our work
on CRN effectors and provide evidence suggesting diverse molec-
ular events leading to cell death in plants. Comparative analyses
between three necrosis-inducing CRN effector domains (DN17,
D2, and DXZ) revealed differences in the timing and occurrence
of cell death in N. benthamiana. Consistent with diverse effec-
tor activities, we show that expression of only one CRN domain
has an additive effect on PAMP-induced cell death, suggestive of
distinct effector induced perturbations affecting different nuclear
processes. Confocal and OMX 3D-SIMmicroscopy on living cells
substantiated these observations by showing distinct subnuclear
localization patterns for each cell death inducing effector and
crucially, specific effector induced changes in nuclear morphol-
ogy, possibly leading to cell death. Taken together, our results
suggest diverse functions carried out by CRN C-termini in the
host nucleus that lead to cell death. We conclude that although
cell death induction may not be a direct virulence function, it
may represent an important phenotypic outcome, suited to study
effector and target functions. A firm understanding of the molec-
ular basis of CRN-induced changes to plant cells and nuclei in
particular, will not only help understand CRN effector function,
but also unveil novel nuclear processes that impact on cell death
and immunity. We anticipate that ultimately, the study of nuclear
effectors is pivotal to appreciate the nuclear processes that help
determine infection outcomes.
MATERIALS AND METHODS
BACTERIAL CULTURE GROWTH, CULTURE FILTRATE PREPARATION
PROCEDURES, PLANT GROWTH CONDITIONS, AND PHENOTYPE
SCORING
For all experiments, Agrobacterium tumefaciens strain AGL1 was
used as recipient strain for all constructs. AGL1 strains carry-
ing respective constructs were grown in liquid cultures at 28◦C
(shaking at 225 rpm) until mid-log phase. Optical Density (OD)
was measured (at 600 nm) and cells adjusted to relevant densi-
ties using infiltration media (described below). P. capsici culture
filtrates (CFs) were prepared by inoculating liquid pea broth
(PB) with mycelial plugs of strain LT1534. Cultures were incu-
bated at 25◦C in the dark without agitation for 5 days. CF
was prepared by removing the mycelial mat after which the
resulting liquid culture was filter sterilized. PB used as negative
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controls was prepared simultaneously and sterilized before use
in PTI assays. Nicotiana benthamiana plants were grown in a
greenhouse under 16 h of light and maintained at a tempera-
ture of ∼25/22◦C (day/night). For all experiments, 5-week old
plants were used and kept under these conditions during the
course of the experiment, unless otherwise stated. The level of
cell death observed in plants during experiments was visually
scored using a scale of 0–6, with a score of 0 indicating no
symptoms, and a score of 6 indicating severe black necrotic
lesions. This scale was used as described previously (Stam et al.,
2013).
PREPARATION OF FUSION CONSTRUCTS
For construction of a GFP fusion construct containing the CRN
N-terminus, corresponding gene fragments were amplified using
primers 168080-F_BHI (5′-aaaaaggatccccGTGAAAGTGGA
CGAAGGCGC-3′) and 168080_R_EcoRI (5′-aaaacgaattctaCG
GAACCACCACCAGCACGTG-3′). For cloning of the mature
gene coding fragment, primers 168080-F_BHI together with
20_624-R (5′-AAAAAGGCGCGCCTTATTGCAGCATCGCG
TAAATTTTCCC-3′) and ASC-I-STREPII-TAG (5′-aaaaagcg
gccGCTCACTTCTCGAACTGCGGGTGCGACCACCGGCGCG
CC-3′) were used. BamHI/EcoRI and BamHI/AscI digestions were
performed for CRN-N terminal and mature protein constructs
before ligation into pre-digested pENTR1a vector. Preparation
of CRN C-terminal constructs has been described in Stam et al.
(2013). pENTR1A-CRN constructs were sequence verified and
used for recombination into the binary vector pB7WGF2 (Karimi
et al., 2002), carrying a 35S promoter element and N-terminal
GFP-fusion, using Gateway LR reactions (Life Technologies).
Constructs were sequence verified before transformation into A.
tumefaciens strain AGL1.
CRN INDUCED CELL DEATH ASSAYS
All EGFP-CRN effector domain fusion and control constructs
were generated previously and prepared for infiltration as
described in Stam et al. (2013). For cell death assays with
CRN20_624 N-terminus, C-terminus and mature fusion pro-
teins, all relevant cultures were adjusted to an OD of 1.0. Cultures
were then mixed 1:1 with A. tumefaciens AGL1 cells carrying the
silencing suppressor P19 at an OD of 1.0, giving a final OD of 0.5
for each CRN and 0.5 for P19. For experiments aimed to compare
the kinetics of cell death induction upon ectopic expression of
CRN20_624 (DN17), CRN83_152 (DXZ), and CRN79_188 (D2),
ODs were adjusted to 0.5 for each culture and mixed with P19
in a 1:1 ratio (giving a final OD of 0.25). This OD proved to be
optimal for monitoring cell death simultaneously for all of the
CRNs. Plants were infiltrated with the bacterial suspensions and
the level of cell death scored up to 7 days post-infiltration (dpi) as
described above. Ten to twenty-five individual spot infiltrations
were used per construct and all experiments were repeated at least
three times. Means for the three CRN constructs were compared
for each time point using One-Way ANOVA with SPSS Statistics
21. Graphs show average values for one representative exper-
iment. In a complementary experiment, ion leakage measure-
ments were taken during the time course. For each measurement,
8 leaf disks were harvested fromN. benthamiana plants infiltrated
as described above, and placed together in 10ml of Milli Q H2O
and shaken at room temperature at 75 rpm for 2 h. After this time,
total dissolved solids (TDS) were measured in the solution using
a Primo pocket TDS tester (Hanna Instruments). For each time
point and treatment, 6 individual measurements were taken from
plants grown in 2 separate greenhouses.
PTI ASSAYS
A. tumefaciens AGL1 cells carrying EGFP-CRN fusion constructs
were prepared and used for infiltrations as described above using
a final OD of 0.25 for each effector. After 48 h, leaf panels were
infiltrated with either CF generated from P. capsici liquid cul-
tures or a control solution of PB media prepared as described
above. Development of symptoms was recorded and the level of
cell death was scored 48 h after CF treatment. We infiltrated and
scored ten leaves for each construct as described above. The exper-
iment was conducted three times. Statistical analysis was done
using SPSS Statistics 21. Equality of the means was tested for
each relevant pair of treatments, using the t-test with independent
samples.
PTI MARKER GENE EXPRESSION ANALYSES
For qRT-PCR analyses, leaf panels expressing EGFP prepared as
above, were treated with CF or a control solution of PB. After
this second infiltration, 3 leaf discs (around 75mg of tissue) were
collected from individual plants at three different time points
(1, 3, and 12 h post CF/PB infiltration). Tissues were then used
for RNA extraction using the RNeasy plant mini kit (Qiagen).
RNA was treated using the DNA-free kit (Ambion) following the
manufacturers protocol. cDNA was synthesized using superscript
III reverse transcriptase kit (Invitrogen). qPCR was performed
using the Power SYBR Green kit (Applied Biosystems) following
manufacturer’s instructions. The primer pairs used are described
in Nguyen et al. (2010) and have previously been used success-
fully for P. infestans CF (McLellan et al., Accepted): NbEF1α-
F (5′-TGGACACAGGGACTTCATCA-3′) and NbEF1α-R (5′-
CAAGGGTGAAAGCAAGCAAT-3′), NbPti5-F (5′-CCTCCAAG
TTTGAGCTCGGATAGT-3′) and NbPti5-R (5′-CCAAGAAA
TTCTCCATGCACTCTGTC-3′), NbAcre31-F (5′-AATTCGGC
CATCGTGATCTTGGTC-3′) and NbAcre31-R (5′-GAGAAACT
GGGATTGCCTGAAGGA-3′), and NbGras2-F (5′-TACCTAGC
ACCAAGCAGATGCAGA-3′) and NbGras2-R (5′-TCATGAGG
CGTTACTCGGAGCATT-3′).
The following cycle conditions were used for all primers: initial
denaturation at 95◦C for 15min, followed by 40 cycles at 95◦C for
15 s and 60◦C for 1min, with a plate read after each cycle. Melt
curve reads were performed every 1◦C between 60 and 95◦C and
held for 5 s. Expression levels of each gene induced by CF were
calculated relative to expression in leaves mock-infiltrated with
PB. Expression of marker genes was normalized to the NbEF1α
endogenous control gene.
ETI ASSAYS
A. tumefaciens AGL1 cells carrying GFP-CRN fusion con-
structs, empty vector (EV), dexamethasone-inducible Avr3aKI (in
pBAV105), R3a and the silencing suppressor P19 were prepared
for infiltration as described above. Cultures carrying CRN, EV,
www.frontiersin.org October 2013 | Volume 4 | Article 387 | 3
Stam et al. CRN effector functions in the host nucleus
and P19 constructs were diluted to a final OD of 0.25, and
those harboring Avr3aKI and R3a were adjusted to a final OD
of 0.1 before infiltration of plants. An OD of 0.1 was chosen
for Avr3aKI and R3a since higher ODs prevented an accurate
comparison of the level of cell death between the three CRNs.
For conditional expression of Avr3aKI, 30mM dexamethasone
(DEX) in 0.1% Tween 20 was infiltrated into leaves 48 h after
initial Agrobacterium infection as described by Engelhardt et al.
(2012). As a negative control, we co-expressed R3a with the allelic
variant Avr3aEM, which is not recognized by R3a (Bos et al.,
2009). Development of Avr3aKI-R3a dependent cell death on
CRN expressing leaves was assessed 24 h after DEX treatment,
scored and tested for significance as described above.
WESTERN BLOTTING
Plant tissue was harvested 2, 3, and 4 dpi from infiltrated sites
and frozen in liquid nitrogen. Protein extractions were per-
formed on ground tissue using GTEN buffer (10% Glycerol,
25mM Tris, 1mM EDTA, 150mMNaCl) supplemented with 2%
PVPP, 10mM DTT, and 1X Complete protease inhibitor cocktail
(Thermo Scientific). Samples were run on Biorad TGX gels before
transfer to PVDF membranes using the Biorad Trans Blot Turbo
Transfer System. Blots were blocked for 30min with 5% milk
in TBS-T (0.1% Tween 20), probed with StrepII-HRP antibody
(1:5000) (Genscript) to detect CRNs, and then washed three times
in TBS-T for 5min before incubation with Millipore Luminata
Forte substrate. Images were collected on a Syngene GBox TX4
Imager. Blots were then re-probed with GFP antibody (Cambio)
followed by anti Mouse-HRP antibodies (Santa Cruz) (1:20000),
to detect free EGFP, and washed three times in TBS-T for 5min
before being imaged as before.
CONFOCAL IMAGING
For confocal microscopy, A. tumefaciens cells were resuspended
in infiltration buffer (25mM MgCl2 and 150μM acetosy-
ringone) to a final OD of 0.05—0.1 enabling CRN visualization
while reducing the risk of observing over-expression artifacts.
Control localizations with free EGFP were carried out using
plants infiltrated with EV. For nucleolar imaging, A. tumefaciens
GFP-CRN suspensions were combined 1:1 with A. tumefaciens
cells carrying a RFP-Fibrillarin expression construct (Goodin
et al., 2007) to give a final OD of 0.05 for the CRN and
0.05 for RFP-Fibrillarin. Confocal imaging was carried out 48 h
post-infiltration. For DAPI staining, leaves were infiltrated with
4′,6-Diamidino-2-Phenylindole dilactate (Invitrogen) at a final
concentration of 5μg/ml. Subnuclear localization was exam-
ined on a Zeiss LSM 710 confocal microscope with a W Plan-
Apochromat 40× /1.0 DIC M27 water dipping lens and using
the following settings: GFP (488 nm excitation and 495–534 nm
emission), mRFP (561 nm excitation and 592–631 nm emission)
and DAPI (405 nm excitation and 415–481 nm emission). Cell
viability was monitored during CRN localization using transmit-
ted light detection. Confocal imaging for localization of the N-
and C-terminus and mature protein was carried using A. tume-
faciens at an OD of 0.1 and using a Leica SP2 with HCX APO
L U-V-I 63.0× water dipping lens with 488 nm excitation wave
length.
OMX 3D-SIM IMAGING
For OMX imaging, A. tumefaciens AGL1 cells transformed with
GFP-CRN fusion constructs (CRN20_624, CRN83_152, and
CRN79_188) were grown and prepared as described above to a
final OD of 0.05. The bacterial suspensions were infiltrated into
leaves of 5 week old N. benthamiana H2B-RFP transgenic plants
(Martin et al., 2009) and N. tabacum plants grown and kept in
the greenhouse as described above. OMX imaging was carried out
48 h post-infiltration. Epidermal peels were harvested from infil-
trated leaf panels and placed immediately into an agarose pad (N.
benthamiana) or in 70% glycerol (for N. tabacum) for imaging.
OMX 3D-SIM was performed as described in Posch et al. (2010).
RESULTS
CRN20_624 INDUCED CELL DEATH AND LOCALIZATION ONLY REQUIRES
THE C-TERMINAL EFFECTOR DOMAIN
CRN effectors are modular proteins harboring a conserved N-
terminus required for translocation and C-terminal regions car-
rying effector activities (Haas et al., 2009; Schornack et al., 2010;
Liu et al., 2011; Stam et al., 2013). Given their modularity and
a possible impact of CRN N-termini on effector function, we
assessed whether the N-terminus of CRN20_624 alters local-
ization or cell death inducing activity. To assess and compare
localization of the CRN20_624 N-terminus, the C-terminal effec-
tor domain as well as the mature protein were fused to EGFP,
expressed in N. benthamiana leaves and localized by confocal
microscopy in epidermal cells (Figure 1). Both mature protein
and the C-terminal domain exclusively localized to the nucleus,
suggesting that the CRN C-terminus drives nuclear localiza-
tion of mature CRN protein (Figure 1A). Consistent with this,
expression of the EGFP-tagged N-terminal domain contrasted
FIGURE 1 | CRN induced cell death and nuclear localization is
conferred by the C-terminus. (A) Localization of ectopically expressed
CRN-GFP fusion products. The panels show the localization for free eGFP,
CRN20_624 N-terminus, CRN20_624 C-terminus, and mature CRN20_624
protein, 2 days post infiltration at OD 0.1 Scale bar = 25μm. (B)
Immunoblot analysis of CRN20_624 upon over-expression in plant tissue.
The blot was probed with anti-GFP antibody. 70 and 25 kDa markers are
indicated on the right hand side. Lower panel shows coomassie brilliant
blue staining loading control. (C) Cell death inducing activity of CRN-GFP
fusion products 7 days after infiltration at an OD of 1.0.
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specific nuclear accumulation as this domain was found dis-
tributed throughout the cell, resembling distribution of free EGFP
in the cytosol (Figure 1A). We used Western blot analysis to con-
firm that all EGFP-CRN domain fusions were expressed to similar
levels in planta. Besides protein levels, these analyses revealed that
resultant proteins were largely stable in plant cells as only low lev-
els of EGFP cleavage was observed (Figure 1B). To test whether
the presence of the N-terminus affects CRN induced cell death, we
infiltratedN. benthamiana leaves with all CRN20_624 fusion con-
structs and the EV control. These experiments showed that both
themature protein and the C-terminus of CRN20_624 induce cell
death at similar levels (Figure 1C). Consistent with our localiza-
tion experiments, expression of the CRN N-terminus and GFP
control only resulted in mild chlorosis. These data confirm that
the CRN C-terminus is sufficient for nuclear accumulation and
cell death inducing activity. Furthermore, these results suggest
that the CRN N-terminus does not contribute to or impede
effector activity once inside host cells.
ECTOPIC EXPRESSION OF CRN EFFECTOR DOMAINS LEADS TO
DIFFERENT LEVELS OF CELL DEATH
Previously, we have shown that CRN20_624, CRN79_188, and
CRN83_152 C-termini, classified as DN17, D2, and DXZ
domains, respectively, induce cell death upon ectopic over-
expression in N. benthamiana (Stam et al., 2013). Given that
these three CRNs induce cell death but differentially affect P. cap-
sici virulence in infection assays (Stam et al., 2013) we elected
to compare and contrast CRN induced cell death phenotypes in
more detail. To assess whether there are differences in cell death
inducing activity, we expressed each CRN effector domain in
N. benthamiana and scored for cell death across different time
points (Figure 2). Assessment of cell death occurring from 1–
7 days showed significant differences in the timing and level
of cell death between the CRNs from day 2 to day 7 (ANOVA
p < 0.01) (Figure 2A). Expression of CRN83_152 led to a fast
cell death response, reaching maximum levels (6) within 4 days
of agro-infiltration, whereas CRN79_188 only induced marginal
levels of cell death in the course of this experiment. Compared to
CRN83_152 and CRN79_188, CRN20_624 exhibited an interme-
diate phenotype in these assays. Post-hoc Bonferroni tests show
that cell death scores for all three CRN proteins were signifi-
cantly different (p < 0.05) on almost all days except for day 2,
when CRN20_624 and CRN79_188 show no activity yet and
day 7, where CRN20_624 and CRN83_152 both reached maxi-
mum cell death scores. We excluded the possibility of variation
between leaves by expressing all CRNs and the EV on the same
leaf (Figure 2C) and using multiple leaves in multiple experi-
ments. To independently verify the levels of CRN induced cell
death, we repeated these experiments and measured levels of
ion leakage at 3 and 5 days (Figure 2B). Levels of ion leakage
in infiltrated leaves differed significantly between CRN and EV
constructs at both days and was consistent with macroscopic
evaluation of CRN induced cell death (Figure 2A). CRN83_152
caused the greatest level of ion leakage determined by measur-
ing TDS, while CRN79_188 caused ion leakage at levels just
above those for the EV control. CRN20_624 expression led to
ion leakage at levels between those seen for CRN83_152 and
FIGURE 2 | Necrosis inducing CRNs show distinct cell death inducing
dynamics. (A) Progression of cell death in N. benthamiana leaves
infiltrated with CRNs. Cell death was scored every 24 h on a scale of 0–6.
Example lesions for each score are shown on the left. The graph shows
average values ± standard deviation for one representative experiment.
(B) Ion leakage measurements confirming differences in cell death
response. Each data point is an average of 6 measurements ± standard
deviation. TDS ppm: total dissolved solids in parts per million. (C) Graphical
representation of the experimental set-up (left) and a typical leaf 4 days
post inoculation. (D) Western blots and loading control for CRNs and
control samples showing protein levels up to 4 dpi. EV: GFP antibodies,
CRNs: strepII antibodies.
79_188. Beyond 5 days it was not possible to measure ion
leakage accurately, due to the advanced state of tissue necro-
sis. Given the possibility that differences in cell death induction
are due to levels of CRN proteins, we measured and compared
EGFP-CRN levels in a typical experiment at day 2, 3, and 4.
Western blots (Figure 2D) showed slight variation in expres-
sion levels between CRN constructs, which was not correlated
to cell death levels. Given the differences in levels of cell death
induction and the similar levels of EGFP-CRN found accumu-
lating in our experiments, we conclude that CRN induced cell
death phenotypes are distinct and may reflect different effector
activities.
CRN20_624 EXPRESSION HAS AN ADDITIVE EFFECT ON PAMP BUT
NOT EFFECTOR INDUCED CELL DEATH
Given their proposed roles as virulence factors and the distinct
differences in CRN sequence, cell death induction and subnu-
clear localization, we asked whether CRN effector activity leads
to perturbation of host PTI or ETI signaling pathways. To test for
effects on PAMP induced cell death, N. benthamiana leaf panels
expressing EGFP-CRN fusion proteins and EGFP were infiltrated
with P. capsici derived CFs and PB as negative control (Figure 3).
Treatment of agro-infiltrated leaf panels with CF leads to PTI
induction as qRT-PCR analyses on cDNA derived from EGFP-
expressing leaf panels, treated with PB or CF, showed significant
induction of PTI marker genes NbPti5, NbAcre31, and NbGras2
when compared to expression in PB treated tissues at 1 and 12 h,
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respectively (Figure 3A). Moreover, leaf panels expressing EGFP
showed a specific cell death response to CF since infiltration of PB
did not result in visible cell death (Figures 3B,D). Control exper-
iments in which leaf panels expressing the P. infestans effector
AVR3a were treated with CF, led to reduced cell death, suggest-
ing suppression of CF induced response to PAMPs (data not
shown). Interestingly, expression of CRN20_624 was found to
have an additive effect on cell death induced by CF treatments
in our experiments (Figure 3B). Direct comparisons of cell death
between EV and CRN20_624 expressing leaf panels showed a sig-
nificant increase of cell death (p < 0.01), which contrasted results
obtained with CRN79_188. Although CRN79_188 induced some
cell death without CF treatment, the combination of CRN79_188
with CF did not result in a stronger cell death response when com-
pared to the EV control (p = 0.8) (Figure 3B). In these assays,
we were not able to assess the effect of CRN83_152 on PTI since
we could not find significant differences in the levels of cell death
between CF treatment and the PB control (t-test for equality of
means, p = 1) (Figure 3B). These results indicate that the CRN
effector activities leading to cell death are distinct and in the
case of CRN20_624, intersect with other cell death pathways in
plants.
FIGURE 3 | Expression of CRN20_624, but not CRN79_188 and
CRN83_152 has an additive effect on PAMP induced cell death. (A)
qRT-PCR analyses on cDNA derived from leaf panels transiently expressing
EGFP and treated with PB and CF. Each bar represents the fold change in
gene expression upon CF treatment relative to PB ± standard deviation.
Expression was examined for known PTI marker genes NbPti5, NbAcre31,
and NbGras2 at 1 and 12 h post infiltration (hpi). (B) Graph showing average
necrosis scores ± standard deviation for three independent experiments.
(C) Graphical representation of the experimental set-up. CRN-GFP fusion
constructs were infiltrated into N. benthamiana plants and after 48 h, leaves
were infiltrated with either a PAMP cocktail (Phytophthora capsici culture
filtrate) or a control solution of pea broth. Cell death was scored on a scale
of 0–6, 48 h after CF treatment. (D) Examples of representative leaves for
each treatment on day of scoring.
Given that CRN20_624 has an additive effect on cell death
upon CF treatment, we asked whether any of our effectors affect
ETI mediated cell death (Figure 4). To test this, we over-expressed
CRN20_624, CRN83_152, and CRN79_188 in N. benthamiana
leaves with R3a whilst also introducing P. infestans Avr3aKI and
Avr3aEM coding genes under a DEX inducible promoter. In these
assays, Avr3aEM served as a negative control, as it is not recog-
nized by R3a (Bos et al., 2009). Co-infiltration of CRN fusion
proteins and EGFP in combination with R3a and AVR3a con-
structs, allowed us to express CRN fusion proteins with R3a
first before activating Avr3aKI induced ETI with DEX treatment.
Phenotypic assessment of leaf panels 24 h after DEX induction
revealed robust HR development. In these assays, there was no
evidence of either enhanced or reduced ETI responses in CRN
expressing leaves based on direct comparisons to our EV con-
trols (ANOVA, p = 1). These results suggest that the presence
of these CRN effectors does not affect ETI induced cell death.
As expected, induction of AVR3aEM expression in the presence
of R3a did not lead to HR demonstrating that the observed
cell death was due to specific recognition of AVR3aKI. From
these results, we conclude that CRN20_624 specifically pro-
motes PAMP induced cell death. We suggest that the contrasting
observations between CRN proteins reflect differences in effec-
tor functions, each of which leads to cell death upon ectopic
expression.
FIGURE 4 | Necrosis inducing CRNs do not cause altered ETI responses
within the plant. (A) Graphical representation of the experimental set-up.
CRN-GFP fusion and EV constructs were co-infiltrated into N. benthamiana
leaves with Avr3aKI and R3a (ETI), and Avr3aEM and R3a (ETI) to monitor
ETI responses. After 48 h, leaves were infiltrated with dexamethasone and
incubated for a further 24 h for induction of Avr3a expression. (B) Cell death
in response to CRNs in ETI and non-ETI induced leaves scored on a scale of
0–6. Graph shows average necrosis scores ± standard deviation for one
representative experiment. (C) Examples of representative leaves for each
treatment on day of scoring.
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CRN EFFECTOR DOMAINS FEATURE DISTINCT SUBNUCLEAR
LOCALIZATION AND THEIR ECTOPIC EXPRESSION CAUSES DISTINCT
CHANGES IN HOST NUCLEAR MORPHOLOGY
We have presented evidence suggesting that CRN83_152,
CRN20_624, and CRN79_188 feature distinct cell death phe-
notypes and differentially affect cell death pathways. Given
their distinct localization patterns upon over-expression (Stam
et al., 2013) we asked whether localization of nuclear mark-
ers during CRN expression would allow further insights into
the onset of cell death in plants. Confocal microscopy was used
to determine the nuclear localization of EGFP-CRN proteins
as well as the nucleolar marker Fibrillarin and nuclear DNA.
CRN20_624 showed a clustered distribution pattern confined
to the nucleoplasm that contrasted localization of CRN79_188.
Expression of CRN79_188 consistently led to the detection of
filament-like structures in the nucleus. In contrast, CRN83_152
was present in patches within the nucleus, with clear areas
of nuclear space in which EGFP-CRN83_152 protein appeared
absent (Figure 5). These patterns were observed in living cells as
cytoplasmic streaming was evident in cells expressing all EGFP-
CRN fusions (Supplementary videos 1–4). Interestingly, distri-
bution of DAPI stained nuclear DNA appeared altered in cells
expressing CRN83_152 (Figure 5A), suggesting re-localization of
host chromatin.
To confirm this observation, we expressed EGFP-CRN83_152
in transgenic N. benthamiana plants carrying histone-RFP
(Figure 5B). These experiments revealed that consistent with
our observation on DAPI stained DNA, over-expression of
CRN83_152 caused Histone 2B-RFP labeled DNA to accumu-
late in distinct patches within the nucleus. In these assays,
CRN83_152 was found to accumulate in areas in the nucleus
from which DNA had been excluded. Consequently, CRN83_152
and DAPI/Histone 2B-RFP signal did not co-localize in both
of our experiments (Figures 5A,B). In contrast to CRN83_152,
over-expression of CRN20_624 and CRN79_188 did not alter the
distribution of DNA. DAPI and histone-RFP signal were detected
evenly within the nuclear space, with only some small patches
where DNA was absent, similar to the pattern observed for cells
expressing free GFP (Figures 5A,B). To exclude the possibility
of changes in nuclear morphology after cell death, we repeated
these assays whilst confirming cell viability by assessing cytoplas-
mic streaming and vesicle movement within the cytoplasm during
CRN and EGFP expression. In these experiments, nuclear re-
organization caused by expression of CRN83_152 did not appear
to affect cell viability within the time scale of these experiments
(Supplementary video 3).
3D-SIM IMAGING OF CRN EFFECTORS REVEALS DISTINCT
LOCALIZATION WITHIN THE NUCLEUS
Using confocal microscopy, we observed distinct subnuclear
localization and structures upon expression of the three CRN
effectors characterized in this study (Figure 5). To gain a bet-
ter understanding of these results, we used super-resolution
3D structured illumination microscopy (3D-SIM) to visualize
the possible structures CRN proteins form or interact with at
the subnuclear level (Figure 6). 3D-SIM imaging of N. ben-
thamiana leaves expressing Histone 2B-RFP and EGFP-CRN
FIGURE 5 | CRN 83_152 causes re-localization of DNA within the
nucleus. CRN-GFP fusion constructs were over expressed in N.
benthamiana plants and imaged by confocal microscopy 48 h
post-infiltration. (A) Leaves were co-infiltrated with RFP-fibrillarin and were
DAPI stained by infiltrating with 4′,6-Diamidino-2-Phenylindole dilactate at a
final concentration of 5μg/ml. (B) N. benthamiana plants stably expressing
histone RFP were infiltrated with CRN-GFP fusion constructs as described
above. Scale bars = 5μm.
fusions confirmed localization patterns observed in our confo-
cal microscopy experiments for CRN83_152 and CRN79_188
(Figure 5). CRN20_624 was found distributed in clusters
throughout the nucleoplasm in close proximity to Histone 2B-
RFP labeled chromatin (Figure 6A). CRN79_188 was found to
form regular and evenly distributed fibril-like structures inter-
spersed with chromatin (Figure 6B). In both cases, distribution
of chromatin in the nucleus is not impaired. High-resolution
images, however, shines a different light on CRN83_152 localiza-
tion. Whereas confocal images suggest that CRN83_152 localizes
in a uniform manner in patches within the nucleoplasm, OMX
microscopy reveals that these patches consist of long and undulat-
ing strands, surrounding areas of re-localized chromatin. This is
particularly evident in single plane images (Figure 6B) and could
not be observed with confocal microscopy.
Although the mechanism of chromatin exclusion or degra-
dation in the presence of CRN83_152 is yet elusive, our results
suggest that one mechanism of cell death induction could rely
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FIGURE 6 | 3D-SIM imagining of CRN C-terminal constructs on OMX
confirms distinct localization within the nucleus. (A) Projection view of
3D-SIM images on epidermal peels of N. benthamiana H2B-RFP transgenic
lines infiltrated with CRN-GFP fusion constructs. Histone 2B distribution is
shown in RFP channel whereas CRN protein distribution is in the GFP
channel. Merged channel confirms impairment of chromatin distribution in
CRN83_152 expressing cells. (B) Single plane views of 3D-SIM images on
epidermal peels of N. tabacum infiltrated with CRN-GFP fusion constructs
show distinct nuclear distribution patterns for CRN effector proteins. All
images were taken 48 h after infiltration. Scale bars = 5μm.
on the modification of chromatin affecting its integrity and
consequently, disrupting important host cell processes.
DISCUSSION
CRN effectors are considered a diverse and ubiquitous class of
effectors found in all plant pathogenic oomycetes sequenced to
date. Consequently, various studies have hinted at a role in vir-
ulence, suppression of PTI and more recently, ETI (Liu et al.,
2011; Van Damme et al., 2012; Shen et al., 2013; Stam et al.,
2013). Here we provide further evidence of functional diversity
amongst P. capsici CRN proteins by studying the activity of three
necrosis-inducing effectors. Consistent with previous studies, we
show that for CRN20_624, the N-terminal region does not affect
cell death induction or localization, suggesting that only the C-
terminal effector domain is required for function in the nucleus.
Although only shown for CRN20_624, this work further supports
the observation that nuclear localization is required for cell death
induction as shown for P. infestans CRN8 (Schornack et al., 2010)
and that CRN C-termini carry the cell death inducing activity
(Torto et al., 2003; Haas et al., 2009). We demonstrate that based
on timing and intensity of cell death as well as their effects on CF
triggered cell death, CRN20_624, CRN79_188, and CRN83_152
have distinct activities in planta.
Macroscopic evaluation of cell death as well as ion leakage
measurements upon CRN expression revealed that CRN83_152
expression causes rapid cell death and tissue collapse, whereas
CRN79_188 causes delayed cell death and CRN20_624 features
an intermediate phenotype. Western blot analyses revealed that
all EGFP-CRN fusions accumulated to similar levels, suggesting
that differences in cell death reflect distinct activities rather than
effector abundance. This observation is further illustrated by the
diverse CRN localization patterns as well as distinct changes in
nuclear morphology and DNA distribution upon CRN83_152
accumulation.
Besides cell death induction, we have presented evidence that
CRN20_624, but not CRN83_152 and CRN79_188, has an addi-
tive effect on PAMP induced cell death. Treatment of CRN
expressing leaves with either PB or CFs showed a marked increase
in cell death on CF treated panels, suggesting modification of
PAMP induced cell death signaling. These results contrasted
with cell death induced by recognition of the P. infestans effec-
tor AVR3a by R3a. Importantly, these results could suggest that
CRN20_624 activity induces specific cell death pathways, exclud-
ing those associated with ETI. If true, this would mean that CRN
proteins could be used to classify and study PAMP triggered
nuclear signaling pathways. CRN20_624 mediated promotion
of PTI is counter-intuitive as effectors are generally thought of
as suppressors of PTI. It is possible, however, that PTI stim-
ulation represents a virulence function in the late stages of a
hemi-biotrophic lifecycle, when cell death and tissue collapse is
apparent (Jupe et al., 2013). Interestingly, CRN20_624, which
contains the DN17 C-terminal domain, is expressed at later stages
during infection, coinciding with the switch of P. capsici from a
biotrophic to a necrotrophic lifestyle (Stam et al., 2013). This adds
additional weight to a model in which P. capsici deploys effectors
to co-opt host PTI signaling pathways and promote cell death. If
true, the identification and engineering of CRN20_624 host tar-
gets may allow reduction of cell death during P. capsici infection
and slow disease progression.
Consistent with diverse functions, we reveal distinct subnu-
clear localization patterns for the CRN effectors studied here.
Detailed co-localization studies of CRN83_152, CRN20_624, and
CRN79_188 together with DAPI staining as well as nucleolar
and chromatin markers, not only confirmed the organization
of EGFP-CRN proteins in distinct patterns, but unveiled unex-
pected changes in the organization of nuclear chromatin upon
expression of CRN83_152. Multiple localization experiments
showed that CRN83_152 occupies the nuclear space aroundDAPI
and H2B-RFP labeled patches of DNA. 3D-SIM high resolution
microscopy not only confirmed these observations but added
additional detail, showing organization of CRN83_152 in intri-
cately organized convoluted structures, wrapping around or in
close proximity to nuclear chromatin. At this stage, we do not
know the molecular basis or function of CRN83_152. Although
we have previously shown that CRN83_152 enhances P. cap-
sici virulence, we do not know the relevance of chromatin re-
organization toward immunity or susceptibility. Studies currently
on the way in our group will aim to identify the principal tar-
gets for CRN83_152 and study their role in immunity. It is likely
that these studies will help unveil novel processes underpinning
Phytophthora virulence.
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In contrast to CRN83_152, microscopy revealed that
CRN79_188 is distributed in long thin filamentous strands.
Importantly, we found that these filaments are uniform and
evenly distributed throughout the nucleoplasm. These results
suggest that CRN79_188 either forms these structures by itself or
interacts with yet unknown structures in the nucleus. In this
regard, the recent identification of F-actin containing struc-
tures in plant cells containing the Turnip Vein Clearing Virus
movement protein MP-TVCV (Levy et al., 2013), raises this
possibility.
Based on our results, we question as to whether cell death
induction is a direct virulence function or rather, is a feature
that is an indirect consequence of (distinct) effector activities.
Ectopic expression in plant cells led to rapid accumulation of
CRN proteins in N. benthamiana cells to levels that are unlikely
to occur in vivo during infection. We also cannot exclude that
perception of bacterial PAMPs has an impact on our results in
the case of our cell death assays. However, leaf panels expressing
EGFP remained healthy, showing low levels of ion leakage and
were responsive to CF treatment as evidenced by induction of
PTI marker genes and occurrence of CF-specific cell death in our
experiments. Whether priming of defence responses affect lev-
els of cell death or not, the differences in cell death kinetics for
the CRN effectors tested were consistent and significant across
our experiments. Because of the necessity for both an epitope
tag and fluorescent reporter, we have used EGFP-CRN protein
fusions for this work. We can therefore not formally exclude the
possibility that the presence of N-terminal EGFP affects CRN
function or activity levels. Given the observations that CRN pro-
teins are modular in nature andmature CRN proteins also feature
sizeable N-terminal region that does not appear to affect func-
tion or localization for CRN20_624 (Figure 1), this is not a likely
scenario.
Taken together, our work suggests distinct differences in cell
death mediated by diverse CRN effector activities. These findings
are thus consistent and build on previous work, which showed
differential effects of CRN over-expression on P. capsici virulence
(Stam et al., 2013). This study further supports the emerging
view that through yet unknown mechanisms this ancient class
of effector proteins act on processes required for plant immu-
nity. With an increasing number of nuclear host defence signaling
components identified in plants together with pathogen effec-
tors that target the nucleus, there is a critical need to understand
the nuclear processes that drive plant immunity and ETS. Our
results strongly suggest that exploring the functions of CRN
effectors, including those that induce cell death, will uncover
immunity-associated nuclear processes in the host. Given the
enormous diversity of nuclear effectors now identified in the
oomycetes, these proteins form a rich source of molecular probes
suited to study nuclear biology. CRN effectors and other nuclear
effectors will thus emerge as valuable tools to unravel nuclear
processes involved in plant immunity.
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Supplementary video 1 | Time-lapse video of cells expressing CRN 20_624.
N. benthamiana plants were infiltrated with CRN 20_624 at a final OD of
0.05 and video images captured 48 h post-infiltration using transmitted
light detection. Videos show vesicle movement within the cytoplasm
during CRN expression. Video was taken using a 40× water dipping lens
and a 3.2× zoom (Scale bar = 20μm).
Supplementary video 2 | Time-lapse video of cells expressing CRN 79_188.
N. benthamiana plants were infiltrated with CRN 79_188 at a final OD of
0.05 and video images captured 48 h post-infiltration using transmitted
light detection. Videos show vesicle movement within the cytoplasm
during CRN expression. Video was taken using a 40× water dipping lens
and a 3.3× zoom (Scale bar = 20μm).
Supplementary video 3 | Time-lapse video of cells expressing CRN 83_152.
N. benthamiana plants were infiltrated with CRN 83_152 at a final OD of
0.05 and video images captured 48 hours post-infiltration using
transmitted light detection. Videos show vesicle movement within the
cytoplasm during CRN expression. Video was taken using a 40× water
dipping lens and a 1.2× zoom (Scale bar = 20μm).
Supplementary video 4 | Time-lapse video of cells expressing pB7WGF2
empty vector (EV). N. benthamiana plants were infiltrated with EV at a
final OD of 0.05 and video images captured 48 h post-infiltration using
transmitted light detection. Videos show vesicle movement within the
cytoplasm during free GFP expression. Video was taken using a 40×
water dipping lens and a 4.6× zoom (Scale bar = 20μm).
REFERENCES
Birch, P. R. J., Rehmany, A. P., Pritchard,
L., Kamoun, S., and Beynon, J. L.
(2006). Trafficking arms: oomycete
effectors enter host plant cells.
Trends Microbiol. 14, 8–11. doi: 10.
1016/j.tim.2005.11.007
Bos, J. I. B., Armstrong,M. R., Gilroy, E.
M., Boevink, P. C., Hein, I., Taylor,
R. M., et al. (2010). Phytophthora
infestans effector AVR3a is essen-
tial for virulence and manipulates
plant immunity by stabilizing host
E3 ligase CMPG1. Proc. Natl. Acad.
Sci. U.S.A. 107, 9909–9914. doi: 10.
1073/pnas.0914408107
Bos, J. I. B., Chaparro-Garcia,
A., Quesada-Ocampo, L. M.,
McSpadden Gardener, B. B., and
Kamoun, S. (2009). Distinct amino
acids of the Phytophthora infes-
tans effector AVR3a condition
activation of R3a hypersensitivity
and suppression of cell death.
Mol. Plant Microbe Interact. 22,
269–281. doi: 10.1094/MPMI-22-
3-0269
Caillaud, M.-C., Piquerez, S. J.
M., Fabro, G., Steinbrenner, J.,
Ishaque, N., Beynon, J., et al.
(2012). Subcellular localiza-
tion of the Hpa RxLR effector
repertoire identifies a tonoplast-
associated protein HaRxL17
that confers enhanced plant
susceptibility. Plant J. 69, 252–265.
www.frontiersin.org October 2013 | Volume 4 | Article 387 | 9
Stam et al. CRN effector functions in the host nucleus
doi: 10.1111/j.1365-313X.2011.
04787.x
Deslandes, L., and Rivas, S. (2011).
The plant cell nucleus: a true arena
for the fight between plants and
pathogens. Plant Signal. Behav.
6, 42–48. doi: 10.4161/psb.6.1.
13978
Dou, D., Kale, S. D., Wang, X., Jiang,
R. H. Y., Bruce, N. A., Arredondo,
F. D., et al. (2008). RXLR-mediated
entry of Phytophthora sojae effector
Avr1b into soybean cells does not
require pathogen-encoded machin-
ery. Plant Cell 20, 1930–1947. doi:
10.1105/tpc.107.056093
Engelhardt, S., Boevink, P. C.,
Armstrong, M. R., Ramos, M.
B., Hein, I., and Birch, P. R. J.
(2012). Relocalization of late blight
resistance protein R3a to endosomal
compartments is associated with
effector recognition and required
for the immune response. Plant Cell
24, 5142–5158. doi: 10.1105/tpc.
112.104992
Gaulin, E., Madoui, M.-A., Bottin, A.,
Jacquet, C., Mathé, C., Couloux,
A., et al. (2008). Transcriptome
of Aphanomyces euteiches: new
oomycete putative pathogenicity
factors and metabolic pathways.
PLoS ONE 3:e1723. doi: 10.1371/
journal.pone.0001723
Goodin, M. M., Chakrabarty, R.,
Banerjee, R., Yelton, S., and
DeBolt, S. (2007). New gateways
to discovery. Plant Physiol. 145,
1100–1109. doi: 10.1104/pp.107.
106641
Haas, B. J., Kamoun, S., Zody, M.
C., Jiang, R. H. Y., Handsaker,
R. E., Cano, L. M., et al. (2009).
Genome sequence and analy-
sis of the Irish potato famine
pathogen Phytophthora infestans.
Nature 461, 393–398. doi: 10.1038/
nature08358
Hann, D. R., Gimenez-Ibanez, S., and
Rathjen, J. P. (2010). Bacterial vir-
ulence effectors and their activi-
ties. Curr. Opin. Plant Biol. 13,
388–393. doi: 10.1016/j.pbi.2010.
04.003
Hogenhout, S. A., Van der Hoorn,
R. A., Terauchi, R., and Kamoun,
S. (2009). Emerging concepts in
effector biology of plant-associated
organisms. Mol. Plant Microbe
Interact. 22, 115–122. doi: 10.1094/
MPMI-22-2-0115
Howden, A. J. M., and Huitema, E.
(2012). Effector-triggered post-
translational modifications and
their role in suppression of plant
immunity. Front. Plant Sci. 3:160.
doi: 10.3389/fpls.2012.00160
Jones, J. D. G., and Dangl, J. L.
(2006). The plant immune system.
Nature 444, 323–329. doi: 10.1038/
nature05286
Jupe, J., Stam, R., Howden, A. J. M.,
Morris, J. A., Zhang, R., Hedley,
P. E., et al. (2013). Phytophthora
capsici-tomato interaction features
dramatic shifts in gene expression
associated with a hemi-biotrophic
lifestyle. Genome Biol. 14:R63. doi:
10.1186/gb-2013-14-6-r63
Karimi, M., Inzé, D., and Depicker,
A. (2002). GATEWAY vectors for
Agrobacterium-mediated plant
transformation. Trends Plant Sci. 7,
193–195. doi: 10.1016/S1360-1385
(02)02251-3
Kinkema, M., Fan, W., and Dong,
X. (2000). Nuclear localization
of NPR1 is required for activa-
tion of PR gene expression. Plant
Cell 12, 2339–2350. doi: 10.2307/
3871233
Lamour, K. H., Mudge, J., Gobena, D.,
Hurtado-Gonzales, O. P., Schmutz,
J., Kuo, A., et al. (2012). Genome
sequencing and mapping reveal loss
of heterozygosity as a mechanism
for rapid adaptation in the veg-
etable pathogen Phytophthora cap-
sici. Mol. Plant Microbe Interact. 25,
1350–1360. doi: 10.1094/MPMI-02-
12-0028-R
Lamour, K. H., Win, J., and Kamoun,
S. (2007). Oomycete genomics:
new insights and future direc-
tions. FEMS Microbiol. Lett. 274,
1–8. doi: 10.1111/j.1574-6968.2007.
00786.x
Lévesque, C. A., Brouwer, H., Cano, L.,
Hamilton, J. P., Holt, C., Huitema,
E., et al. (2010). Genome sequence
of the necrotrophic plant pathogen
Pythium ultimum reveals original
pathogenicity mechanisms and
effector repertoire. Genome Biol.
11:R73. doi: 10.1186/gb-2010-11-
7-r73
Levy, A., Zheng, J. Y., and Lazarowitz, S.
G. (2013). The tobamovirus turnip
vein clearing virus 30-kilodalton
movement protein localizes to novel
nuclear filaments to enhance virus
infection. J. Virol. 87, 6428–6440.
doi: 10.1128/JVI.03390-12
Links, M. G., Holub, E., Jiang, R.
H. Y., Sharpe, A. G., Hegedus,
D., Beynon, E., et al. (2011).
De novo sequence assembly of
Albugo candida reveals a small
genome relative to other biotrophic
oomycetes. BMC Genomics 12:503.
doi: 10.1186/1471-2164-12-503
Liu, J., and Coaker, G. (2008). Nuclear
trafficking during plant innate
immunity. Mol. Plant 1, 411–422.
doi: 10.1093/mp/ssn010
Liu, T., Ye, W., Ru, Y., Yang, X., Gu, B.,
Tao, K., et al. (2011). Two host cyto-
plasmic effectors are required for
pathogenesis of Phytophthora sojae
by suppression of host defenses.
Plant Physiol. 155, 490–501. doi:
10.1104/pp.110.166470
Martin, K., Kopperud, K., Chakrabarty,
R., Banerjee, R., Brooks, R., and
Goodin, M. M. (2009). Transient
expression in Nicotiana benthami-
ana fluorescent marker lines pro-
vides enhanced definition of pro-
tein localization, movement and
interactions in planta. Plant J. 59,
150–162. doi: 10.1111/j.1365-313X.
2009.03850.x
Monaghan, J., and Zipfel, C. (2012).
Plant pattern recognition receptor
complexes at the plasmamembrane.
Curr. Opin. Plant Biol. 15, 349–357.
doi: 10.1016/j.pbi.2012.05.006
Morgan, W., and Kamoun, S.
(2007). RXLR effectors of plant
pathogenic oomycetes. Curr.
Opin. Microbiol. 10, 332–338. doi:
10.1016/j.mib.2007.04.005
Nguyen, H. P., Chakravarthy, S.,
Velásquez, A. C., McLane, H. L.,
Zeng, L., Nakayashiki, H., et al.
(2010). Methods to study PAMP-
triggered immunity using tomato
and Nicotiana benthamiana. Mol.
Plant Microbe Interact. 23, 991–999.
doi: 10.1094/MPMI-23-8-0991
Oliva, R., Win, J., Raffaele, S.,
Boutemy, L., Bozkurt, T. O.,
Chaparro-Garcia, A., et al. (2010).
Recent developments in effec-
tor biology of filamentous plant
pathogens. Cell. Microbiol. 12,
705–715. doi: 10.1111/j.1462-5822.
2010.01471.x
Pandey, S. P., and Somssich, I. E.
(2009). The role of WRKY tran-
scription factors in plant immunity.
Plant Physiol. 150, 1648–1655. doi:
10.1104/pp.109.138990
Park, C.-J., and Ronald, P. C. (2012).
Cleavage and nuclear localization
of the rice XA21 immune recep-
tor. Nat. Commun. 3, 920. doi:
10.1038/ncomms1932
Posch, M., Khoudoli, G. A., Swift,
S., King, E. M., Deluca, J. G.,
and Swedlow, J. R. (2010). Sds22
regulates aurora B activity and
microtubule-kinetochore interac-
tions at mitosis. J. Cell Biol. 191,
61–74. doi: 10.1083/jcb.200912046
Qiao, Y., Liu, L., Xiong, Q., Flores,
C., Wong, J., Shi, J., et al. (2013).
Oomycete pathogens encode
RNA silencing suppressors. Nat.
Genetics 45, 330–333. doi: 10.1038/
ng.2525
Rasmussen, M. W., Roux, M., Petersen,
M., and Mundy, J. (2012). MAP
kinase cascades in arabidopsis
innate immunity. Front. Plant
Sci. 3:169. doi: 10.3389/fpls.2012.
00169
Rivas, S. (2012). Nuclear dynamics
during plant innate immunity.
Plant Physiol. 158, 87–94. doi:
10.1104/pp.111.186163
Schornack, S., Huitema, E., Cano,
L. M., Bozkurt, T. O., Oliva, R.,
Damme, M. V. A. N., et al. (2009).
Ten things to know about oomycete
effectors. Mol. Plant Pathol. 10,
795–803. doi: 10.1111/j.1364-3703.
2009.00593.x
Schornack, S., van Damme, M.,
Bozkurt, T. O., Cano, L. M.,
Smoker, M., Thines, M., et al.
(2010). Ancient class of translo-
cated oomycete effectors targets the
host nucleus. Proc. Natl. Acad. Sci.
U.S.A. 107, 17421–17426. doi: 10.
1073/pnas.1008491107
Shen, D., Liu, T., Ye, W., Liu, L., Liu,
P., Wu, Y., et al. (2013). Gene dupli-
cation and fragment recombination
drive functional diversification of
a superfamily of cytoplasmic effec-
tors in phytophthora sojae. PLoS
ONE 8:e70036. doi: 10.1371/jour-
nal.pone.0070036
Shen, Q.-H., and Schulze-Lefert, P.
(2007). Rumble in the nuclear jun-
gle: compartmentalization, traffick-
ing, and nuclear action of plant
immune receptors. EMBO J. 26,
4293–4301. doi: 10.1038/sj.emboj.
7601854
Stam, R., Jupe, J., Howden, A. J. M.,
Morris, J. A., Boevink, P. C., Hedley,
P. E., et al. (2013). Identification and
characterisation of CRN effectors in
Phytophthora capsici shows modu-
larity and functional diversity. PLoS
ONE 8:e59517. doi: 10.1371/jour-
nal.pone.0059517
Stergiopoulos, I., and de Wit, P.
J. (2009). Fungal effector pro-
teins. Annu. Rev. Phytopathol. 47,
233–263. doi: 10.1146/annurev.
phyto.112408.132637
Torto, T. A., Li, S., Styer, A., Huitema,
E., Testa, A., Gow, N. A., et al.
(2003). EST mining and func-
tional expression assays identify
extracellular effector proteins from
the plant pathogen Phytophthora.
Genome Res. 13, 1675–1685. doi:
10.1101/gr.910003
Tyler, B. M., Tripathy, S., Zhang, X.,
Dehal, P., Jiang, R. H. Y., Aerts, A.,
et al. (2006). Phytophthora genome
sequences uncover evolutionary ori-
gins and mechanisms of pathogen-
esis. Science 313, 1261–1266. doi:
10.1126/science.1128796
Van Damme, M., Bozkurt, T. O.,
Cakir, C., Schornack, S., Sklenar,
J., Jones, A. M. E., et al. (2012).
The irish potato famine pathogen
Phytophthora infestans translo-
cates the CRN8 kinase into
host plant cells. PLoS Pathog.
Frontiers in Plant Science | Plant-Microbe Interaction October 2013 | Volume 4 | Article 387 | 10
Stam et al. CRN effector functions in the host nucleus
8:e1002875. doi: 10.1371/journal.
ppat.1002875
Yeam, I., Nguyen, H. P., and Martin,
G. B. (2010). Phosphorylation
of the Pseudomonas syringae
effector AvrPto is required for
FLS2/BAK1-independent viru-
lence activity and recognition
by tobacco. Plant J. 61, 16–24.
doi: 10.1111/j.1365-313X.2009.
04028.x
Zipfel, C. (2008). Pattern-recognition
receptors in plant innate immunity.
Curr. Opin. Immunol. 20, 10–16.
doi: 10.1016/j.coi.2007.11.003
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 31 May 2013; accepted: 11
September 2013; published online: 21
October 2013.
Citation: Stam R, Howden AJM,
Delgado-Cerezo M, M M Amaro TM,
Motion GB, Pham J and Huitema E
(2013) Characterization of cell death
inducing Phytophthora capsici CRN
effectors suggests diverse activities in the
host nucleus. Front. Plant Sci. 4:387. doi:
10.3389/fpls.2013.00387
This article was submitted to Plant-
Microbe Interaction, a section of the jour-
nal Frontiers in Plant Science.
Copyright © 2013 Stam, Howden,
Delgado-Cerezo, M M Amaro, Motion,
Pham and Huitema. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribu-
tion or reproduction in other forums
is permitted, provided the original
author(s) or licensor are credited and
that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permit-
ted which does not comply with these
terms.
www.frontiersin.org October 2013 | Volume 4 | Article 387 | 11
